We present an alternative method for measuring ultrashort extreme-ultraviolet pulses that can be synchronized with an intense infrared pulse. The method, based on photoionization of a target atom by the extremeultraviolet pulse in the presence of the infrared pulse, has a potential accuracy of close to 1 fs and is susceptible to single-shot operation. It is demonstrated on harmonic 15 of a titanium:sapphire laser. The minimum pulse duration that can be measured is limited only by the frequency of the radiation used for the ponderomotive shift of the ionization potential ͑3 fs in the case of the titanium:sapphire fundamental͒.
The progress made in the past years in obtaining ultrashort light pulses at frequencies in the extreme ultraviolet ͑XUV͒ demands the development of new methods for studying their characteristics and in particular their duration. Current infrared lasers can produce pre-amplified pulses of only 8 fs and pulses of 16 fs after amplification ͓1͔. Further compression by means of hollow-fiber chirped-mirror compressors can bring the duration to 5 fs ͓2͔. Since such pulses contain only a few cycles, they are close to the theoretical limit. With radiation generated from such lasers by frequency conversion to shorter wavelengths, the period of the optical cycle is shorter, so that the theoretical limit is pushed to the subfemtosecond range.
High-harmonic generation, one of the most utilized in applications among such XUV secondary sources, produces extremely short pulses. According to theory, both in the perturbative and in the nonperturbative regimes, the duration of the harmonic pulses is shorter than the duration of the fundamental ͓3,4͔. For temporal characterization of such pulses few methods are available. The first one is autocorrelation, although this does not give complete information about the temporal shape of the pulse. Here one records the result of a nonlinear process, in which two copies of the pulse contribute simultaneously, as a function of the delay between these pulses. Examples of such processes are second-harmonic generation in a nonlinear crystal, two-photon ionization, or index variation in a Kerr medium ͓5͔. Mathematically, the measured quantity is the convolution of the pulse with itself, and there are no fundamental limitations regarding the duration of the pulse to be measured. A serious drawback is that the efficiency of nonlinear processes depends on the pulse intensity, and if the intensity is too low the method is inapplicable. The ͑generalized͒ cross section ͓6͔ for two-photon ionization decreases rapidly with wavelength, and for argon at 53 nm it is only 2.1ϫ10 Ϫ52 W Ϫ2 cm 6 ͓7͔. To measure a statistically significant autocorrelate in a reasonable time ͑say 10 5 shots͒ then requires 2 nJ of focused harmonic radiation, about an order of magnitude more than usually can be obtained. Only for very low harmonics, where the twophoton cross section is three orders of magnitude larger ͓7͔, is autocorrelation feasible in the face of losses associated with purification of a single harmonic ͓8͔. Single-shot measurements require a 10 6 times higher signal level ͑i.e., a thousandfold increase in pulse energy͒, and are completely unfeasible for the moment.
To circumvent these problems, cross-correlation techniques were developed as an alternative. By replacing one of the XUV beams by a ''probe'' beam of longer wavelength ͑visible or infrared͒, where virtually unlimited intensities are available, it is the single-photon XUV process that becomes the limiting factor. Again for argon at 53 nm the two-photon cross section is 8ϫ10 Ϫ20 cm 2 , and 5 fJ of XUV energy per pulse would already provide a detectable signal, while single-shot capability occurs at 5 nJ. The duration of the XUV pulse can be extracted from the cross correlate by deconvolution ͓9,10͔. The disadvantages come from the fact that the probe pulses that are available tend to be longer than the XUV pulse, and this imposes a serious limitation on the temporal durations that can be measured. If the probe pulse contributes in a higher order to the process, its effective duration shrinks accordingly and shorter pulses can be measured ͓11,12͔. Cross-correlation techniques can also be used by means of Auger decay processes ͓13͔, changes in the bound-free absorption of the XUV radiation ͓14͔, and ionization-induced defocusing ͓15͔.
In this paper we present an alternative method for measuring pulse durations in the XUV domain. It preserves the high sensitivity of cross-correlation methods, but it can beat the limit due to the duration of the dressing pulse by nearly two orders of magnitude. The method is based on the change of individual peaks of the photoelectron energy spectrum resulting from ionization with the high-frequency pulse due to the ponderomotive shift of the atomic ionization potential induced by an intense ''dressing'' pulse of longer wavelength. In this respect it is similar to one of the schemes proposed by Constant et al. that measures the shift in the envelope of the photoelectron spectrum due to the presence of circularly polarized 10-m radiation ͓16͔. We demonstrate our method by measuring the duration of high harmonics generated by an infrared laser beam in an Ar gas jet. These harmonics are sent on a second Ar jet to ionize atoms that are exposed at the same time to part of the fundamental beam. This infrared shifts the ionization threshold of the Ar atoms, but is not intense enough to ionize the atoms by multiphoton processes. The XUV photons are energetic enough to ionize the atoms in a one-photon process.
It is well established ͓17͔ that the ionization potential increases ponderomotively when the atoms interact with a strong electric field. This ponderomotive shift equals the time-averaged kinetic energy of an electron oscillating in a laser field and depends on intensity I as U p ͓eV͔ ϭ␣I ͓W/cm 2 ͔, with ␣ϭ9.33ϫ10
The method makes use of this change in ionization potential with intensity. It requires temporal overlap between the two pulses and also a spatially homogeneous distribution of infrared-beam intensity over the size of the harmonic beam. The energy of the photoelectrons is dependent on the instantaneous value of the ionization potential, which is changing rapidly in time according to the variation of the infraredpulse intensity.
The presence of the infrared manifests itself in three ways in the XUV photoelectron energy spectrum. First, a downshift of the mean energies due to the increased value of the ionization potential. Second, a broadening of the peaks due to the fact that the intensity of the dressing pulse is not constant during the presence of the XUV pulse. Finally, the apparition of ''sidebands'' in the electron spectrum, as a consequence of multiphoton free-free transitions induced by the dressing light.
The characteristics of the shift, broadening, and sideband amplitude depend on the delay of one pulse with respect to the other. If the two pulses come peak to peak, the infrared intensity does not change too much during the XUV pulse and the extra broadening of the peaks in the electron spectrum is very small. On the other hand, the shift of the peaks in this situation will be maximum. If the XUV arrives during the rising edge of the infrared pulse, where the intensity changes very fast, the broadening is large, while the shift is less. This region of quasilinear variation of the infrared intensity in time is the most suited for time measurements of short XUV pulses, because it implies a linear dependence on time for the U p mapping of the pulse duration into broadening of electron peaks. This duration can then be derived from the full width at half maximum ͑FWHM͒ of the corresponding photoelectron peak.
Theoretically the method can provide accurate measurement of very short pulses. An infrared Gaussian pulse of 50-fs duration and 10-TW/cm 2 peak intensity changes the ionization potential by 20 meV per femtosecond around the inflection point. An electron spectrometer having a resolution of 20 meV can measure broadening differences of this magnitude, implying an accuracy of 1 fs for the time measurement. Independent of this accuracy, there is a lower limit on the pulse duration that can be measured, however. For too short pulses the peak profile will start to overlap that of the nearest sidebands, making it impossible to determine the broadening. The lower limit is about 3 fs in the case of 800-nm light, but could be pushed even lower by using shorter dressing wavelength.
For the experiment, a titanium:sapphire laser system has been used, producing pulses of 40 fs, at a central wavelength of 800 nm and a repetition rate of 1 kHz, with energies up to 8 mJ. The beam was divided by a mask and an iris in an annular part used for the generation of the harmonics and a small central part ͑diameter up to 2 mm͒ used as a dressing beam ͓11͔. The energy in the central part of the beam could be adjusted from zero to a maximum of 60 J. The energy in the annular beam can be changed by modifying the iris diameter, and it was usually kept at 3 mJ for the best harmonic signal. The masked beam was focused by a 1-m focaldistance lens on a continuous-flow Ar jet, and the position of the focus with respect to the gas jet was adjusted for a maximum harmonic yield. The intensity in the focus was Ӎ100 TW/cm 2 . The harmonics propagate in the direction of the fundamental. Somewhere after the focus an image of the masking device forms, and the infrared recovers a sharply delimited annular shape. The outer ring is blocked there by a 2.5-mm pinhole, and only the generated harmonics and the central infrared beam are transmitted into a magnetic-bottle spectrometer chamber. At this position of the pinhole, the mask image is demagnified by a factor of 2. The two beams are refocused on a second Ar jet by a spherical off-axis tungsten-coated mirror with a focal length of 35 mm, and the photoelectrons are detected at the end of the time-of-flight ͑TOF͒ tube by microchannel plates. This setup guaranties optimal alignment on the same axis and makes possible the determination of the absolute zero of the delay. Data acquisition has been done using a transient-digitizer board at a sampling rate of 500 MHz, which allowed the acquisition of a full time-of-flight trace at 980 shots per second.
The diameters of the two beams on the spherical mirror are 2.5 mm for the XUV and 0.8 mm for the infrared. Consequently, the two FWHM in the focus are 0.88 m ͑for the 15th harmonic͒ and, respectively, 40 m for the infrared. This large ratio assures a homogeneous spatial distribution of the dressing-beam intensity over the focus of the XUV beam. The confocal parameter of the infrared beam is very long, and the diameter hardly changes on propagation in the volume seen by the electron spectrometer. The XUV beam, on the other hand, diverges much faster due to its small focal size and numerical aperture. The sensitivity area of the spectrometer has a radius of 125 m and at this distance the ratio of the two beam diameters is still large, Ӎ15.
The two pulses could be delayed with respect to each other using two antireflection coated glass plates of 6-mm thickness, a small one for the central infrared beam and a large one with a hole in the center for the annular part of the infrared beam. The plates were cut from the same window, to ensure equal thickness, and thus knowledge about the absolute timing of the beams with respect to each other. The path of a beam through its plate depends on the incidence angle, so by tilting one plate or the other any of the pulses can be delayed. Close to normal incidence, the time delay has second-order dependence on the incidence angle, and very RAPID COMMUNICATIONS small delays can be obtained at easily measurable angles. For the dimensions of our plates, a delay of 1 fs could be obtained by a tilt angle of 1°. Another advantage of this way of delaying is that it does not affect the spatial overlap of the beams.
The W-coated mirror is not wavelength selective and, hence, ionization of argon by all odd harmonics above order 11 is possible. Figure 1͑a͒ shows photoelectron energy spectra taken at different intensities of the infrared dressing beam and at zero delay between the two pulses. An intensitydependent shift and practically no broadening are observed. Sidebands also appear at nonzero intensity. The shift measured as a function of the delay of the XUV pulse with respect to the infrared yields the temporal profile of the latter, if the harmonic pulse is much shorter than the infrared one. We observed that the maximum of the shift occurs for a delay of 4 fs, indicating that the harmonic pulse peaks 4 fs before the infrared maximum. In Fig. 1͑b͒ we present spectra taken at constant intensity of the infrared beam but at different time delays between the two pulses. As the XUV is delayed towards the tail of the infrared, the shift decreases and the peaks become initially broader and then narrow again. The maximum shift at 4 fs ͑0.7 eV͒ corresponds to a peak intensity of Ӎ13 TW/cm 2 in the infrared beam focus. The peak asymmetry present at small delays comes from the nonlinearity of the temporal profile of the infrared pulse around the top.
The spectra can be modeled by a single bound level ͑the initial state͒ with a binding energy ͉E 0 ͉ϩ␣I IR (t) dependent on the instantaneous infrared intensity I IR , coupled by an XUV pulse of electric field E UV (t) to a flat continuum. In this case the final population of the continuum level with energy E is proportional to
Using this expression for the profile of the photoelectron peak, we fitted the pulse shapes I IR (t) and E UV (t) to the experimental data, taking account of broadening due to the spectrometer resolution ͑20 meV͒.
By fitting the experimental shifts and the broadenings of the 15th-harmonic peak versus delay, a duration of 10 Ϯ2 fs ͑FWHM͒ has been determined for this harmonic ͑Fig. 2͒. The intensity profile of the infrared pulse, as determined by plotting the shift as a function of delay, is fitted well by a sum of two Gaussians, 33% 55-fs FWHM and 67% 15-fs FWHM. For the profile of the harmonic, a Lorentzian shape has been used. The experimental data are also plotted in Fig.  2 for comparison with the numerical results. The error bar of 2 fs mentioned above is mostly due to spectrometer resolution and imperfection in the fit of the infrared-pulse profile. The relatively long duration of the XUV pulse with respect to the one expected from the order of the harmonic is probably an indication of the saturation of the harmonicgeneration process. The effective nonlinear index is then about 4, yielding a harmonic pulse twice shorter than the fundamental.
At the infrared intensity used for the shifting, the formation of sidebands is completely saturated, and each harmonic peak is expected to have several sidebands. Thus contributions from the sidebands of the 13th, 17th, and 19th harmonic add to this peak, and the determined duration is a sort of average over these harmonics. It also implies that the amplitude of the photoionization peaks becomes a function of the infrared phase and intensity. However, this does not affect the outcome of the present method where all the information is derived from the spectral profile of a single peak. It should be pointed out that the procedure for obtaining the XUV pulse duration involves taking the spectra at only one delay. Although this operation is reasonably fast with the present setup ͑a few seconds͒ it still requires an averaging over a large number of laser shots in order to build up a decent electron-energy spectrum. It is not, however, out of reach of the magnetic bottle spectrometer to record a TOF spectrum over one single shot, perhaps at the cost of deteriorating the resolution.
Our method also allows the detection of an eventual chirp of the XUV pulse, because in that case the maximum-shift position would not correspond to the narrowest peaks. The peaks would be the narrowest at a time delay for which the ponderomotive-shift contribution cancels the chirp. Such a chirp has been predicted ͓18͔ for harmonics in the cutoff. Our experimental data do not indicate the existence of any chirp, though. This might be a consequence of the fact that FIG. 1. ͑a͒ Photoelectron spectra from ionization with harmonics in the presence of an infrared beam of various intensities. ͑b͒ Photoelectron spectra at 13-TW/cm 2 (50-J) peak intensity in the infrared focus and at various delays of the XUV pulse with respect to the infrared.
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we did the measurements at low gas pressure in the harmonics jet, in order to avoid contamination of the harmonic beam with infrared light scattered on this jet ͑which would interfere with the infrared in the dressing beam͒. In an improved setup this scattered light could be blocked by a filter, which at the same time could be used to select a single harmonic.
In conclusion, we presented an alternative method for measuring very short pulse durations in the XUV, and demonstrated it on high-harmonic radiation. In principle it could be used on any XUV pulse with a bandwidth smaller than the photon energy of the dressing beam, provided that it can be synchronized with the laser.
